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The introduction of carbon nanotubes (CNTs) modifies bulk polymer properties, depending on
intrinsic quality, dispersion, alignment, interfacial chemistry and mechanical properties of the
nanofiller. These effects can be exploited to enhance the matrices of conventional microscale fibre-
reinforced polymer composites, by using primary reinforcing fibres grafted with CNTs. This paper
presents a methodology that combines atomic force microscopy, polarised Raman spectroscopy, and
nanoindentation techniques, to study the distribution, alignment and orientation of CNTs in the
vicinity of epoxy-embedded micrometre-scale silica fibres, as well as, the resulting local mechanical
properties of the matrix. Raman maps of key features in the CNT spectra clearly show the CNT
distribution and orientation, including a ‘parted’ morphology associated with long grafted CNTs. The
hardness and indentation modulus of the epoxy matrix were improved locally by 28% and 24%,
respectively, due to the reinforcing effects of CNTs. Moreover, a slower stress relaxation was observed
in the epoxy region containing CNTs, which may be due to restricted molecular mobility of the matrix.
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The proposed methodology is likely to be relevant to further studies of nanocomposites and

hierarchical composites.

1. Introduction

Owing to their extraordinary intrinsic mechanical properties,
high aspect ratios and low density, carbon nanotubes (CNTs) are
an ideal candidate for nanoscale reinforcement of polymer
matrix composite materials.’* In addition, exploitation of the
excellent thermal and electrical conductivity of CNTs could lead
to a new generation of multifunctional structural composite
materials, which have potential applications in a wide range of
fields.® The processing, characterisation, and modelling of CNT-
reinforced polymer nanocomposites has been studied exten-
sively, with promising results reported for composite mechanical,
thermal, and electrical properties.* However, critical challenges,
such as the dispersion and controlled alignment of the CNTs in
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the polymer matrix, still have to be addressed to maximise the
potential advantages.®

More recently, interest has rapidly expanded in the use of
CNTs within conventional fibre-reinforced polymer composites,
which are widely used in aerospace and the oil/gas industries, due
to their light weight and excellent in-plane mechanical perfor-
mance.® The nanoscale CNTs are utilised alongside the micro-
scale  fibres, forming a  hierarchical reinforcement
microstructure.”® The aim is to exploit the reinforcing capability
of CNTs, which has been demonstrated in nanocomposites, to
improve the matrix-dominated properties of conventional
composites; specifically, the focus is to address common matrix-
dominated problems such as delamination resistance, longitu-
dinal compression and through-thickness performance. One of
the possible routes to realise hierarchical composites is to grow
CNTs directly onto fibre surfaces, creating ‘hairy fibres’.”*** The
advantages of this approach include increased primary fibre
surface area, as well as mechanical interlocking and/or local
stiffening in the fibre/matrix interphase, all of which may
improve stress transfer and interfacial properties. Significant
improvements in the interfacial shear strength of the model
hierarchical composites containing CNT-grafted carbon!®!>-1*
and silica® fibres have already been reported. In addition, the
grafting approach has the potential to provide high loadings of
radially-orientated, well-spaced CNTs around the fibres, which
could address traditional nanocomposite limitations associated
with dispersion and alignment. The radial arrangement of
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nanofiller is appealing as a potentially ideal approach to
increasing transverse properties, maximising interfacial tough-
ness, and providing lateral support for the load-bearing micro-
scale fibres in compression. However, no experimental data have
yet demonstrated the local reinforcing effect of CNTs in the
vicinity of fibres. In addition, new tools are needed for the study
of the distribution and alignment of CNTs within hierarchical
composites and nanocomposites, particularly after processing.
Polarised Raman spectroscopy is a non-destructive means to
quantify the CNT orientation in nanocomposites, since the
Raman intensity of CNTs is strongly orientation dependent;
specifically, the Raman signal intensity decreases with increasing
angle between the CNT and the polarisation direction of the
incident laser beam.®'” Instrumented nanoindentation provides
an efficient means to assess the mechanical characteristics of
CNT nanocomposites at a high spatial resolution,'® as has been
demonstrated for both thermoset’2* and thermoplastic'®?
systems. This paper presents a new approach, combining atomic
force microscopy (AFM), polarised Raman spectroscopy and
nanoindentation techniques, to investigate the distribution,
orientation, and mechanical influence of CNTs grafted onto
microscale-fibres, embedded within an epoxy matrix. The cross-
sectional surface of the composite specimens, containing CNT-
grafted silica fibres, was initially examined using AFM and
polarised Raman spectroscopy for obtaining maps of CNT
distribution and orientation. Nanoindentation was then applied
to the same area of the specimen to determine the hardness,
indentation modulus and relaxation behaviour of the CNT-
modified region of the epoxy matrix in the vicinity of the primary
fibres. These factors are important in determining the overall
performance of the macroscopic hierarchical composites.

2. [Experimental section
2.1. Growth of CNTs on fibres

The growth of CNTs on silica fibres (average diameter: 9 um,
Silfa, Albert Hellhake GmbH, Dortmund, Germany) was carried
out using the injection chemical vapour deposition method. A
detailed description of the growth process has been reported
previously.'! Briefly, a feed precursor solution consisting mixture
of 3 wt.% ferrocene, 58.5 wt.% toluene and 38.5 wt.% pyrazine
was used for the growth of nitrogen-doped CNTs. The addition
of pyrazine precursors has been shown to improve the straight-
ness and packing of CNTs.?* The growth reaction was performed
at 760 °C for 1 h. SEM characterisation was performed on silica
fibres (uncoated) before and after the growth using a field
emission gun SEM (Gemini LEO 1525 FEG-SEM, Carl Zeiss
NTS GmbH, Oberkochen, Germany), operating at 5 kV.

2.2. Preparation of cross-sections of model hierarchical
composites containing CNT-grafted silica fibres

To fabricate model composite specimens, CNT-grafted fibres
were laid flat into a 20 mm long, 5 mm wide and 10 mm high
aluminium mould; epoxy (bisphenol-A resin with amine hard-
ener, Epoxicure, Buehler GmbH, Diisseldorf, Germany) was
introduced and cured at room temperature for 24 h. Cross-
sections perpendicular to the fibres were ground and polished
with SiC grinding paper (P320, P800, P1200 and P4000, Struers

Ltd., Rotherham, UK) and 1 pum polycrystalline diamond
suspension (dye-free, Buehler GmbH, Diisseldorf, Germany),
respectively, using a Buehler METASERV®2000 grinder/
polisher.

2.3. AFM characterisation of cross-sections of model
hierarchical composites

AFM experiments were performed using a standard silicon
cantilever with a resonant frequency at 300 kHz (Tetra tips,
Olympus Ltd., Essex, UK) using a NTEGRA spectra system
(NT-MDT Co., Moscow, Russia), which offers integration of
atomic force microscopy, confocal microscopy and Raman
scattering spectroscopy.?® Topographic and phase images were
recorded simultaneously in tapping mode at a scanning speed of
1 line/s with 256 data points per line. Surface roughness analysis
was conducted using the Nova analysis system by NT-MDT;
three measurements were performed on each region and each
measurement was based on a 2 x 2 um? area, containing 150
data points. The CNT/epoxy values were obtained based on the
measurements conducted within the CNT-modified region
identified next to the silica fibre.

2.4. Raman characterisation of cross-sections of model
hierarchical composites

The polarised Raman study was conducted, at room tempera-
ture, using the NTEGRA spectra system (NT-MDT Co., Mos-
cow, Russia) equipped with a Renishaw Raman spectrometer
(InVia, Renishaw Plc., Gloucestershire, UK) with a resolution of
about 0.6 cm~'. More details about this system are provided in
earlier work.?® A linearly polarised He—Ne laser (632.8 nm) was
used as excitation source. The light was focused on the specimen
surface with a long working distance x100 microscope objective
(numerical aperture of 0.7). For the orientation-dependent
measurements, a half-wave retardation plate was inserted in
front of the objective to rotate the polarisation of the incident
laser beam. Raman scanning was conducted over a sample
surface area of 26 x 26 pm? at a 1 um step size and 10 s inte-
gration per spectrum; a total of 676 spectra were collected in the
backscattered geometry. Mapping images of CNTs and polymer
were then generated based on the maximum Raman intensity in
the ranges of 1335-1355 cm™! and 810-830 cm™!, respectively
(refer to dark grey and light grey ranges in Fig. 3), after sub-
tracting the background signal.

2.5. Nanoindentation on cross-sections of model hierarchical
composites

Nanoindentation tests were conducted at room temperature
using a TS TriboScope (Hysitron Inc., Eden Prairie, USA) fitted
with a diamond Berkovich indenter probe with a tip radius of
approximately 20 nm. For hardness and modulus determination,
the samples were subjected to nanoindentation using a constant
peak load of 1 mN. An array of 3 x 20 nanoindentations was
selected, starting from the centre of silica fibre and terminating in
the pure epoxy region (refer to Fig. 7a). A distance of 5 pm was
used between repeated nanoindentations to avoid the hardening
effect or other influences from previous indents.?® Force versus
displacement curves were recorded. The load and displacement
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resolutions of the system were <1 nN and 0.4 nm, respectively.
Based on the method proposed by Oliver and Pharr,?” the
hardness of the test specimen, H, was determined through the
equation:

Pmax

H=
A

(1

where P, is the nanoindentation load and A4 is the projected
area of the hardness impression determined from the calibrated

n 1
area function,” A.(h.) = 24.512 + Y ¢; . h¥, where h, is the
i=0
actual contact displacement.
The relationship between the contact stiffness, S, and the

reduced elastic modulus, E,, is defined as follows:*’

dp 28
S =—=—=VAE, 2
dh ﬁf @
where S is the contact stiffness obtained from the slope of the
unloading curve, § is a constant related to the indenter geometry
(8 = 1.034 for a Berkovich indenter?), E, is the reduced elastic
modulus due to a non-rigid indenter.

Since E, is a combination of the modulus of the specimen and
the material of the indenter, the elastic modulus of the specimen
can be calculated through the equation:

1 1—v® 1—uw?

E-E B, )
E and v are the elastic modulus and Poisson’s ratio for the
specimen, respectively, and E;, and v,, are the same parameters
for the material of the indenter. For a diamond indenter tip,* Ej,
is 1141 GPa and v, is 0.07. The Poisson’s ratios of the epoxy and
silica were assumed to be 0.35 and 0.17, respectively.*® Due to the
radial arrangement of the CNT-grafting around the cylindrical
fibre, the local CNT content, and hence the exact Poisson’s ratio,
may vary at different locations. However, the literature®!*
reports that CNT addition has only a minor effect on polymer
Poisson’s ratio (only a 3% decrease in Poisson’s ratio on the
addition of 5% CNTs). Even a 10% reduction in Poisson’s ratio
would increase the calculated indentation modulus by less than
3%, which is not significant in the current context. Thus, the same
Poisson’s ratio was used in the calculations for both the pure
epoxy and CNT-modified epoxy regions. The mean and standard
deviations, of hardness and modulus, at each distance, were
calculated based on three independent indentation
measurements.

2.6. Stress relaxation testing on cross-sections of model
hierarchical composites

The stress relaxation tests were carried out using the same
equipment as for the nanoindentation tests. Due to the long
relaxation time, a temperature chamber was used to remove the
heat generated by the test apparatus and provide insulation
against external temperature variations, leading to a constant
testing temperature of 23.00 £ 0.01 °C. The samples were initially
subjected to nanoindentation at a peak load of 3 mN and then
the resultant relaxation of nanoindentation load was recorded
for 1 h.

The Wiechert model, a generalised Maxwell model, was used
for describing the time-dependant viscoelastic behavior.3*** This
model consists of an arbitrary number of spring-dashpot
Maxwell elements connected in parallel and a constant factor,
E,, describing the contribution that is independent of time. The
relaxation modulus, E,.;, at a time, ¢, is defined as:

n

Eul) =50 =B+ Y F, exp(~ 1) @
where F{(7) is the force, A is the contact area, ¢ is the constant
strain applied to the specimen during the stress relaxation test, E;
are the relaxation coefficients for different relaxation times, t;,
and E| is the time-independent coefficient. The relaxation spec-
trum, which presents the coefficients, E;, as a function of relax-
ation time was obtained by fitting the experimental data to the
Wiechert model. At least nine measurements from each region
(epoxy matrix with and without CNTs) were tested to obtain
a statistical average value.

3. Results and discussion

The cross-section shown in this section is typical of the sample;
one coherent example is presented for all the characterisation,
including AFM, Raman and nanoindentation, performed on the
same CNT-grafted fibre, to aid interpretation of the different
methodologies.

3.1. Growth of CNTs on fibres

Earlier work' has shown that the thickness of multi-walled
CNTs grown on silica fibres can be controlled by varying the
growth time. For this work, the length of the grafted CNT was
chosen to be around 30 pm, both for convenience and to address
the practically relevant lengthscales. This lengthscale is conve-
nient as it allows a clear distinction of the CNT-modified region
and provides a reasonable sample size for investigation by the
various techniques. It is not yet clear what length of grafted
nanotubes will prove to be most useful for hierarchical
composites. However, in order to maximise interactions but not
limit fibre packing excessively, it may be on the order of the
primary fibre diameter, so at least 10 microns, but not the mil-
limetre or even centimetre scale that can be achieved in some
growth experiments. Shorter arrays tend to have poor alignment,
whilst a grafted length around 30 microns provides a reasonable
degree of radial alignment, and is likely to be relevant to hier-
archical composite work in the field. The methodologies

Fig. 1 SEM images of silica fibres (a) before and (b) after the CNT
growth reaction via injection chemical vapour deposition. The positions
of the silica fibres are indicated by dashed lines in (b).
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developed in this paper may be readily applied to longer or
somewhat shorter grafted nanotubes. SEM images in Fig. 1
illustrate that aligned, densely-packed CNTs were uniformly
grown around the silica fibres, having a radial ‘bottle brush’
morphology, with a splitting pattern often observed during the
growth of relatively long CNTs around cylindrical fibres.'**** The
growth and characterisation of the specific CNT-grafted fibre
batch used in this work was reported previously;'! the average
CNT diameter was 27 + 7 nm.

3.2. AFM characterisation of cross-sections of model
hierarchical composites containing CNT-grafted silica fibres

The polished cross-section of the model hierarchical epoxy
composites containing CNT-grafted silica fibres was initially
examined using AFM. Images shown in Fig. 2 are representative
of the specimen and can be reproduced at different magnifica-
tions. The topographic image (Fig. 2a) shows the silica fibre
slightly brighter, suggesting the fibre ends were exposed and
approximately 50 nm above the polymer matrix region after the
polishing process, as expected due to the greater hardness of the
silica fibre; this phenomenon is a recognised effect of differential
polishing between hard reinforcements and softer matrices.*®
Different topography was observed in the polymer region
around the fibre, presumably due to the presence of CNTs, which
was confirmed by the Raman spectroscopy study as discussed in
the next section. A statistical analysis of surface roughness of
different regions was performed and the results are summarised
in Table 1. The average and root mean square roughnesses of the
CNT/epoxy region were 18 and 24 nm, respectively, values that
are comparable to the intrinsic diameter of CNTs. These
roughness values were about six times higher than that of the
pure epoxy region, indicating that the presence of the CNTs had
significantly increased the surface roughness, due to their
intrinsically greater characteristic scale compared to the polymer
network.

The phase-contrast image was generated simultaneously,
based on the phase angle shifts during scanning, which often
correspond in a complex way to changes in the local properties of
the sample surface, such as variations in composition, topog-
raphy, adhesion, and viscoelasticity.®” Thus, the detection of
phase angle shifts can provide enhanced contrast and better
resolution, especially for heterogeneous and rough surfaces.®®
Indeed, the boundaries of the primary fibre are particularly clear

Phase

(a) Topography um (b) .
: N 50 01

40

20

0
0 10 20 30 40 50
pm

Fig.2 (a) Topographic and (b) phase-contrast AFM images recorded in
the 50 x 50 um? area of the polished cross-section of a model hierarchical
epoxy composite containing CNT-grafted silica fibres.

Table 1 Surface roughness of different regions of the polished cross-
section of a model hierarchical epoxy composite containing CNT-grafted
silica fibres. The CNT/epoxy values were obtained based on the
measurements conducted in the CNT-modified region next to the silica
fibre. The standard deviations are shown in parentheses

Average roughness Root mean square

Region S, [nm] roughness S, [nm]
Silica fibre 8.6 (0.2) 9.7 (0.2)
CNT/epoxy 18.1 (4.8) 24.4(7.3)

Epoxy 2.8 (0.1) 4.0 (0.1)

in the phase contrast image (Fig. 2b). Similarly, apparent phase
contrast was observed in the rough CNT-modified epoxy region.

3.3. Distribution and orientation of CNTs in model hierarchical
composites

The distribution of the CNTs in the epoxy matrix was deter-
mined by performing Raman spectroscopy on the same
embedded CNT-grafted fibre as presented in the previous
section, although using a smaller scan area of 26 x 26 pum?.
Typical CNT spectra (Fig. 3) were observed in the rough area
surrounding the fibre, showing the characteristic, graphite lattice
related D and G bands.? The D:G intensity ratio after embed-
ding was the same as that of the as-produced CNTSs,!" indicating
the resin infusion and polishing processes had a negligible effect
on crystallinity. The Raman spectra of the pure epoxy region
agree well with literature results.*® Based on the intensity of the
CNT D-band (around 1345 cm™', refer to the dark grey range
marked in Fig. 3) and one of the epoxy signals (around 820 cm™!,

CNTs

1 1 1
epoxy
5
o
&,
=
172}
=
Z
IS
1 1 1 i 1
silica fibre

500 1000 1500 2000

Wavenumber [cm™]
Fig.3 Raman spectra recorded in different regions of the polished cross-
section of a model hierarchical epoxy composite containing CNT-grafted
silica fibres. The characteristic signals of CNTs and epoxy used to
produce Raman mappings are highlighted in dark grey and light grey,
respectively.
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(b) Epoxy counts

0-

15 20 25
um

Fig. 4 Raman mappings recorded in the 26 x 26 pm? area of the pol-
ished cross-section of a model hierarchical epoxy composite containing
CNT-grafted silica fibres based on the characteristic signals of (a) CNTs
and (b) epoxy. The likely positions of splits in the CNT arrays are indi-
cated by the arrows in (a). The epoxy-rich regions are represented by the
dashed lines in (b).

the light grey range marked in Fig. 3), Raman maps of CNTs
(Fig. 4a) and epoxy (Fig. 4b) were generated, clearly identifying
the distribution of CNTs in the matrix. The G band of CNTs,
around 1580 cm™!, was not selected in this case since the matrix
also showed Raman features in the range of 1550-1600 cm™". The
fibre appears dark in both cases, since no Raman signal for silica
was detected in the selected ranges (refer to Fig. 3). A couple of
very bright spots in Fig. 4b are likely due to the strong fluores-
cence background from diamond particles which remained on
the composite surface after polishing. Due to the strong, reso-
nant enhancement of the CNT Raman signal, and their strong
scattering, the Raman signal for the epoxy is suppressed in the
CNT-rich regions, leading to a relatively constant and dark
region around the silica fibre in the epoxy map. Unfortunately,
this effect precludes the quantitative calculation of local CNT
concentration in the current case; the use of a more Raman-
active matrix and calibrations for intensity of Raman bands may
allow quantitative distribution maps in the future. Here, the
epoxy-rich regions are marked, qualitatively, by the dashed lines
in Fig. 4b, which correspond to the relatively dark regions in
Fig. 4a. The lack of complete radial symmetry can be attributed
to splitting of the CNT array (indicated by the arrows in Fig. 4a),
which is a typical of CNTs grafted around cylindrical fibres,
beyond a critical length, due to circumferential strains.'™3* The
distribution of CNTs obtained using Raman spectroscopy is
relatively consistent with the AFM images (Fig. 2). Raman
spectroscopy provides complementary data to the AFM study,
confirming the interpretation of both imaging methods. AFM
rapidly locates the CNT distribution based on topology and
phase, but could potentially be affected by the grinding and
polishing process. On the other hand, the Raman map is likely to
be less susceptible to such effects, since the collection volume is
deeper. The similarity of the imaging techniques provides confi-
dence that that sample fabrication has not introduced significant
artefacts.

It is widely accepted that the orientation and alignment of
CNTs in a composite is important for improving the through-
thickness performance of composites.**** Polarised Raman
spectroscopy was performed to study the CNT orientation. A
preliminary investigation was conducted on the as-produced
CNT-grafted silica fibres using polarised incident laser

irradiation. The laser power and integration times used to record
the spectra in different regions were identical. As shown in Fig. 5,
higher signal intensity was always obtained when the laser
polarisation direction was parallel to the nanotube axis. More-
over, no change of the D:G ratio was observed, suggesting this
ratio is independent of the CNT orientation and alignment, in
agreement with previously published data.*?

Polarised Raman spectroscopy was applied to the same cross-
sectional area of the composite specimen discussed above. Based
on the characteristic D-band, Raman maps of CNTs were
recorded at two different, orthogonal polarisation directions
(Fig. 6a-b). Both polarised Raman maps indicated the same
distribution of CNTs in the polymer matrix, but with different
contrast, indicating different orientations of CNTs in the spec-
imen. A semi-quantitative map of the local orientation was
calculated by considering the maximum intensity ratio of the two
Raman polarisations (Fig. 6a-b); where Iyertical/Ihorizontar > 1, the
map is plotted in shades of blue, where I,orizonta/Ivertical > 1, it 18
plotted in shades of yellow. This approach to data presentation
had been carefully selected to ensure that the contrast scales in
a consistent manner in the two different orientations. Thus, at
each point, the orientation of the CNTs can be deduced from the
colour and contrast of the calculated Raman map (Fig. 6c¢).
CNTs with orientation between 0 and 45° to the vertical polar-
isation direction are displayed blue (such as the region below the
silica fibre); the intensity increases with increasing alignment to
the vertical direction. Conversely, the CNTs oriented at between
45 and 90° to the vertical polarisation direction are displayed
yellow (such as the regions on both sides of the silica fibre); the
intensity increases as the alignment approaches 90°. Both the
Ivertical/Ihorizomal and Ihorizontal/Ivertical ratios for the silica ﬁbre,
epoxy and 45°-orientated CNTs were equal to 1, resulting in the
black regions in the map. It can be inferred qualitatively from
this orientation study that the CNT alignment around the fibre
was maintained after composite fabrication. However, the semi-
quantitative map provides insight for further experiment opti-
misation, as well as theoretical studies. A fully quantitative
approach would require rotation of either the sample or the
polarisers, systematically, in small angular steps. Rotating the
sample is difficult given the need to remain centred on the
primary fibre of interest, and the current equipment setup does
not allow rotation of the polarisers. In any case, such an
approach would create a very large volume of data and signifi-
cant associated challenges, but could be used if specific orienta-
tion distributions were needed, perhaps for computational
studies. The present approach of using two polarisation direc-
tions has been used for other nanocomposites,** and offers
a good compromise between the level of information obtained
and the mapping efficiency. More generally, polarised Raman
spectroscopy can provide information about the distribution and
orientation of CNTs in hierarchical composites, and could be
applied to a variety of hairy fibres and hierarchical composite
systems consisting of components with different Raman char-
acteristic signals. As an example, Raman maps showing the
distribution of CNTs in a model hierarchical polyester matrix
composite were obtained using the same method (Supporting
information, Figure S1 and S27). It’s worth noting that Raman
spectroscopy does not distinguish local CNT orientation due to
processing from intrinsic structural waviness; it’s not even clear
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Fig. 5 Raman spectra of (a) vertically and (b) horizontally aligned CNTs using polarised incident laser irradiation.
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Fig. 6 Polarised Raman maps recorded in a 26 x 26 pm? area of the
polished cross-section of a model hierarchical epoxy composite con-
taining CNT-grafted silica fibres using (a) vertically- and (b) horizontally-
polarised incident laser. (c) Calculated Raman map of CNT orientation.
Vertically- and horizontally-orientated CNTs were represented in (c) by
blue and yellow, respectively.

that there is a meaningful distinction at the resolution limit of the
technique (around one micron), since shear/flow effects that
control orientation are likely to bend the individual CNTs, and
both effects will degrade mechanical reinforcement.*>*¢ Studies
of the effect of pixel size on quantitative measures of alignment
may shed light on the relative contributions of processing and
intrinsic (growth) effects, in the future.

3.4. Mechanical performance around carbon nanotube grafted
silica fibres in model hierarchical composites

Nanoindentation tests were conducted on the same embedded
CNT-grafted fibre, in order to study the impact of grafted CNTs
on the mechanical properties of the epoxy matrix surrounding
the fibre. Fig. 7a shows the topographic image of the specimen
after nanoindentation; an array of 3 x 20 nanoindentation
imprints can be clearly observed, covering regions within the
silica fibre, the CNT-modified epoxy, and the pure epoxy. Both
the silica fibre and epoxy can be considered as isotropic mate-
rials. In the anisotropic CNT-modified region, the indentation
direction is consistently perpendicular to the CNT orientation,
i.e. in the “transverse direction” of the CNT-reinforced epoxy.
The Oliver and Pharr method was developed for isotropic
materials but has been widely applied to anisotropic materials,
such as aligned CNT-reinforced nanocomposites*” and bioma-
terials.*® Whilst anisotropic materials do demonstrate orienta-
tion-dependent indentation behaviour,* the stress field is
complex; the indentation modulus is likely to be an average value
weighted in the direction of indentation.*® The current work
measures an effective ‘indentation modulus’ (as defined in the
ISO 14577 standard) in the transverse direction of the aligned
CNT-modified epoxy materials. Whilst different values would be
expected if the indentation were parallel to the CNT direction,
the approach nevertheless consistently maps the reinforcing
efficiency around the fibre. Representative load-displacement
curves in different regions are shown in Fig. 7b. Theoretically, for
a constant force, a smaller displacement would imply a harder
specimen. The lowest nanoindentation depth was observed as
expected for the silica fibre, which is the hardest material in this
system. Introduction of CNTs into epoxy reduced the nano-
indentation displacement, suggesting the anticipated reinforcing
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Fig. 7 (a) Topographic image of an array of 3 x 20 nanoindentation imprints on the polished cross-section of a model hierarchical epoxy composite
containing CNT-grafted silica fibres. (b) Typical force-displacement curves corresponding to nanoindentations performed in different regions. (c)
Hardness and (d) indentation modulus as a function of the distance from fibre. The mean and standard deviation values in (c) and (d) were based on

three indentations.

effect of the matrix. The typical indentation depth was around
300 nm (corresponding to a contact area of around 6 um?) for the
CNT/epoxy region and much larger than the scale of the surface
roughness (refer to Table 1, around 20 nm, about 6.7% of the
indentation depth), confirming that the sample polishing was
sufficient. A further quantitative study of the hardness and
indentation modulus in the transverse direction was performed
as a function of the distance from the fibre (Fig. 7c—d). Note that
distances were measured to the centre of each set of three
indentations, introducing a small additional uncertainty for the
points very close to the primary fibre. Both hardness and
indentation modulus were fairly constant in the range of 35 to 90
um from the fibre, i.e., within the pure epoxy region, given that
the length of the grafted CNTs was around 30 pum, as determined
by SEM, AFM, and the Raman maps. Increases in hardness and
indentation modulus were observed when approaching the silica
fibre, which can be attributed to the increasing local CNT
content in the matrix. Ideally, a 1/radius dependency might be
expected for a pure radial distribution of CNTs, assuming
a linear dependence of hardness on CNT content; in reality,
variations in orientation or local CNT content (due to the
splitting discussed above) will occur. The surface roughness of
the CNT-modified epoxy region (refer to Table 1) and the vari-
ation in local CNT content is the likely source of the larger
standard deviations nearer the primary fibre. The average
hardness and elastic modulus of the epoxy were 0.13 £+ 0.01 and
2.23 + 0.03 GPa, respectively, in good agreement with literature
data on same type of bisphenol-based epoxy resin.’*** The
hardness and modulus of the epoxy matrix surrounding the CNT
grafted silica fibres, i.e. the CNT-modified epoxy, increased up to
0.17 £ 0.01 and 2.77 £ 0.15 GPa, demonstrating the benefits of

CNT-reinforcement. The improvement was about 28% for the
hardness and 24% for the modulus, which was again comparable
to literature nanoindentation data on CNT-reinforced epoxy
nanocomposites.'®1%21-2  Improvements in hardness and
modulus in the range 5-75% have been reported on mixing 0.5—
5 wt% single-walled,'®?! coiled** and aligned'® CNTs in epoxy.
The extent of the reinforcing effect of CNTs on the composite
mechanical properties may be affected by various factors, such as
intrinsic surface and mechanical properties,” alignment*’-** and
waviness*®*! of the CNTs. It is worth pointing out that compared
to the in-plane modulus at the same CNT loading, the current
geometry is expected to measure a lower indentation modulus (in
the transverse direction) based on an inverse rule of mixtures.5?
Nanoindentation tests parallel to the CNTs are more difficult in
the current sample geometry, although work on related, flat,
aligned arrays is well-known.*’

The effect of CNTs on the viscoelastic properties of the epoxy
matrix were studied by relaxation tests. The typical normalised
force as a function of time in different regions is presented in
Fig. 8a. It is clear that the CNT-modified epoxy region exhibited
a shallower slope than the pure epoxy region, suggesting slower
relaxation in the presence of CNTs. By fitting the experimental
data to the Wiechert model,?*3* relaxation time spectra were
obtained and are compared in Fig. 8b. For the pure epoxy region,
the peak value appeared around 1 s and the coefficient values in
the time frame of 107! to 10 s were higher than those obtained
for the epoxy region containing CNTs, indicating a faster
relaxation. The CNT-modified epoxy region possessed the same
peak position around 1 s, which suggested that the primary
relaxation mechanism was unchanged. However, a shoulder at
about 10* s could be seen in the spectra; the broadening effect or
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Fig. 8 (a) Relaxation test results of different regions: experimental data
and Wiechert model fit. (b) Relaxation time spectra, i.e. the coefficients of
the fitted Wiechert model.

shift to longer relaxation times may be attributed to the restricted
molecular mobility of polymer caused by interaction with the
CNTs. The immobilisation of polymer surrounding the CNTs
could be considered as an additional reinforcing component,
which may cause mechanical stiffening in the system.>® Similar
broadening effects have been observed in dynamic mechanical
thermal analysis (DMTA) measurements of tan d for macro-
scopic nanocomposite samples.>* Furthermore, the time-inde-
pendent coefficient, Ey, for the CNT-rich regions was higher than
that for the pure epoxy, suggesting a higher modulus, in agree-
ment with the nanoindentation tests.

4. Conclusions

The combined AFM/Raman technique is a useful tool for the
characterisation of hierarchical composites, providing informa-
tion regarding CNT distribution and orientation around the
primary reinforcing fibres. CNT maps can be successfully created
based on characteristic Raman signals and their intensity ratios
obtained using different laser polarisation directions. Nano-
indentation tests revealed the reinforcing effect of CNTs on the
epoxy matrix in the vicinity of the fibres, showing 28% and 24%
improvements of hardness and indentation modulus in the
transverse direction. The local stiffening of the matrix
surrounding the fibres may reduce the tendency for fibre micro-
buckling under longitudinal compression, which is critical to
overall composite performance. This study demonstrates the

efficiency of the CNTs as local nanoreinforcement and provides
critical information that should be useful for future modelling of
CNT-based hierarchical composites. In addition, a slower stress
relaxation was observed in the epoxy region containing CNTs,
which may be due to restricted molecular mobility of the matrix.
The immobilisation of polymer surrounding the CNTs may
provide additional mechanical stiffening for the composites,
which could be strongly dependent on the CNT/polymer inter-
actions. Further relaxation studies of CNTs with different
surface chemistries might help to improve the understanding of
these interactions at a local level. The toolkit that has been
developed and demonstrated here should find further application
in the study of both CNT-reinforced nanocomposites and CNT-
based hierarchical composite systems. In the case of hierarchical
systems in which the CNTs are directly mixed into matrix before
infusion or prepregging, the orientation maps will help to clarify
the effects of local matrix flow around and within fibre tows.
Whilst the current work has demonstrated useful qualitative
mapping of CNT distribution and semi-quantitative character-
isation of CNT orientation, further quantification would be
useful, particularly for advancing the modelling and theory of
hierarchical systems. The long term ambition is to develop the
techniques presented, and others, to allow full mapping of local
concentration, orientation, waviness, and a wider range of
resulting (nano)composite properties. As discussed above, the
matrix system could be redesigned to aid the determination of
CNT concentration, possibly in combination with other mapped
optical spectroscopies. More detailed polarisation measurements
would clarify local orientation; images/maps collected at
different magnifications would shed light on CNT waviness.
Sections polished parallel to the primary fibres would provide
further information about CNT uniformity and orientation, as
well as performance anisotropy. The use of a variety of AFM
derivatives could allow mapping of thermal and electrical
conductivities, as well as other mechanical characteristics. A
wide range of techniques are either already available or currently
emerging that have the potential to shed light on the complex
multiscale phenomena at the heart of hierarchical composites.
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